Arterial smooth muscle cells synthesize matrix macromolecules In response to mechanical stimulation. Exposure to serum llpids also stimulates connective tissue fiber accumulation. To assess the effect of serum llplds on the blosynthetic response to tensile stress, we subjected rabbit aortic smooth muscle cells that were cultured on purified elastin membranes to cyclic stretching and relaxation 50 times per minute In the presence of serum-free medium (SFM), normolipemic serum (NLS), or hyperlipemic serum (HLS). Incorporation of 14 C-prollne Into prollne and Into hydroxyprollne was taken as a measure of protein and collagen synthesis. When cells were grown in plastic Petrl dishes, exposure to NLS or HLS Increased both protein and collagen production to the same extent compared to synthesis In SFM (1.7 times for NLS and 1.6 times for HLS; p<0.001 compared to SFM). For cells grown on stationary elastin membranes, NLS and HLS also Increased protein and collagen synthesis compared to SFM. The effect of NLS was 1.35 times that of HLS for protein and 1.43 times greater for collagen (p<0.03). Cyclic stretching In SFM doubled synthesis for both protein (p<0.002) and collagen (p<0.002) compared to stationary controls, but had no effect on synthesis In NLS. In HLS, however, cyclic stretching elevated synthesis to the same level as was found In NLS (p<0.003). We conclude that the relative Inhibition of synthesis on stationary membranes by HLS was not due to a toxic effect, since HLS Increased synthesis both In Petrl dishes and on elastin membranes, and the amplifying effect of cyclic stretching In HLS was similar to that seen In SFM. The Interactive effects of mechanical stimulation and hyperllpemla may help to account for Individual differences In wall and plaque composition during atherogenesls. (Arteriosclerosis 9:446-452, July/August 1989) S mooth muscle cells may modify their macromolecular microenvironment by synthesizing elastin, collagen, and glycosaminoglycans. 1 • 23 Some of these changes have been associated with mechanical stimuli. During early growth, for example, differences in the rate of matrix fiber accumulation between the ascending aorta and the pulmonary trunk correspond closely to the respective rates of increase of mural tensile stress despite the persistent similarity of cell content for the two vessel segments. 4 In adult mammals, the number and microarchitecture of the musculoelastic layers of the media of homologous arteries is related to vessel diameter and curvature 56 and, therefore, to the distribution of tensile stress in the vessel wall. Under conditions of hypertension, the number of transmural layers may not change, but the cross-sectional area of the media increases in propor-
S mooth muscle cells may modify their macromolecular microenvironment by synthesizing elastin, collagen, and glycosaminoglycans. 1 • 23 Some of these changes have been associated with mechanical stimuli. During early growth, for example, differences in the rate of matrix fiber accumulation between the ascending aorta and the pulmonary trunk correspond closely to the respective rates of increase of mural tensile stress despite the persistent similarity of cell content for the two vessel segments. 4 In adult mammals, the number and microarchitecture of the musculoelastic layers of the media of homologous arteries is related to vessel diameter and curvature 56 and, therefore, to the distribution of tensile stress in the vessel wall. Under conditions of hypertension, the number of transmural layers may not change, but the cross-sectional area of the media increases in propor-prepared from bovine aortas are mounted on Teflon frames designed to hold the membranes stationary at constant tension or to permit the membranes to be stretched and relaxed at a predetermined frequency and amplitude. The apparatus can accommodate four dishes with moveable frames and several stationary control dishes, as well as plastic Petri dishes as controls for differences due to the elastin substrate. In the current experiments, the stretched membranes were extended and relaxed at a frequency of 50 cycles per minute and through an amplitude of 10% of the taut resting length. In pilot studies, we tried frequencies of 50 cycles per minute and 100 cycles per minute and found no difference in short-term experiments. For longer experiments, 100 cycles per minute caused disruption of the membranes. Similarly, we tried amplitudes of 5, 10, 15, and 20% of the resting length of the membranes. The results for 10% and 15% were the same. The membranes tore at 20%, and there was no measurable effect at 5%. The 10% value is also probably closest to what might occur in the normal rabbit aorta. On the basis of these considerations, we elected to perform our definitive experiments at 50 cycles and 10% elongation.
Cell Preparation
Smooth muscle cells were prepared from explants of thoracic aorta of male New Zealand White rabbits weighing 1.0 to 1.5 kg as described in our earlier reports. 1 • B -
9^0
The cells were grown out of these explants for 3 to 4 weeks in a humidified tissue culture incubator at 37°C in an atmosphere of 90% air and 10% CO 2 , and they were subcultured three times before plating onto elastin membranes. Cells were identified as smooth muscle on the basis of growth characteristics in culture and on the basis of ultrastructural examination. Methods for cell preparation, criteria for identification, and description and quantitation of smooth muscle cell features have been presented elsewhere for cells grown from explants in our tissue culture laboratories 21 and for cells harvested from elastin membranes in our cell stretching studies.
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Transfer of Cells to Elastin Membranes
The rabbit smooth muscle cells were plated on to elastin membranes at a density of 1 to 2x10* in the manner described earlier. 8910 The cells were permitted to grow on the elastin membranes for 4 days before the beginning of each experiment. At the time the cells were transferred to the elastin membranes, they were mainly in a quiescent phase. The rate of tritiated thymidine uptake after the 4-day growth period on the elastin membranes was only 15% to 20% of that found 24 hours after transfer, suggesting that the cells were not in a logarithmic growth phase at the onset of the experiments. There were no differences in DNA content among the cultures exposed to SFM, normolipemic serum (NLS), or hyperlipemic serum (HLS) during the experimental period. Furthermore, there was no stimulation of tritiated thymidine incorporation by stretched compared to stationary cultures. This finding confirms our previous studies with the same experimental system. 8910 Since some cells also attached to the glass dish during plating, the Teflon frames with membranes and cells attached were transferred to new sets of sterile glass culture dishes before each experiment.
Serum Preparation
NLS was obtained from rabbits maintained on standard laboratory chow and was prepared from blood obtained by cardiac puncture. HLS was obtained in a similar manner from rabbits fed an atherogenic diet for 6 weeks. The diet contained 0.4% cholesterol and 4% com oil. The average serum cholesterol level was 56 mg/dl for the rabbits on standard chow and 1540 mg/dl for those fed the atherogenic diet. The level of serum cholesterol for animals fed this diet for 6 weeks in our laboratories is associated with the following average values of the lipoprotein cholesterol fractions: very low density lipoprotein (VLDL), 440 mg/dl of which approximately 80% is /3-VLDL; low density lipoprotein (LDL), 320 mg/dl; high density lipoprotein, 44 mg/dl. In each case, the blood was allowed to clot, and it was then centrifuged at 2500 g for 15 minutes. Ethylenediaminetetraacetic acid (EDTA) (0.05 mM) was added to the serum, which was stored at 4°C. The serum was dialyzed against phosphate-buffered saline in 1000 molecular weight dialysis tubing. This was filtered through a 0.45-/im Millipore filter before use. Analysis was performed within 2 weeks of obtaining the serum by methods reported in detail elsewhere. 23 To minimize variation in experimental results due to differences in serum donors, sera from several animals was pooled.
Determination of DNA Content
The DNA content of the cell preparations was determined by the method of Burton 24 as modified by Richards. 26 At the end of each experiment, the medium was removed. The elastin membranes and the attached cells were washed with Hank's balanced salt solution, and the wash and media were pooled. The membranes were minced with scissors, extracted overnight with 0.25 N NaOH and 5 mM EDTA, and centrifuged to separate the elastin membranes from the solution. The alkaline cell extract was neutralized with HCI. Bovine serum albumin (BSA), 0.25 mg/dl, was added as a carrier, and the DNA and protein were precipitated with trichloroacetlc acid (TCA). DNA was solubilized and thereby separated from the protein pellet by heating in 0.5 N perchloric acid for 30 minutes. Aliquots of the perchloric add supernatant were taken for DNA analysis. For control cells grown on plastic Petri dishes, the medium was removed at the end of the Incubation period, and the cells were washed with Hank's balanced saline solution and extracted with 0.25 N NaOH and 5 mM EDTA. The dishes were then rinsed twice with the alkaline solution, and these washes were pooled with the cell extract. The samples were treated in the same manner as those obtained from elastin membranes.
Determination of Protein and Collagen Synthetic Rates
Incorporation of 14 C-proline into protein and into hydroxyproline was taken as a measure of the rates of protein and collagen synthesis, respectively. Cells were incubated in Dulbecco's modified Eagle's medium (DMEM) containing either no serum, normal serum, or hyperii-pemic serum. A time-course study was initially performed to determine the optimal duration of incubation for the experiments. Determinations made at 24-hour intervals up to 7 days gave similar results. In addition, the effects of different concentrations of serum were assessed. The stimulatory effects of stretching were detectable at concentrations as low as 2%. All of the experiments reported here were conducted for 24 hours. For the final 16 hours of a 24-hour run, 0.2 /iCi of 14 C-proline (250 Ci/mol, Amersham, Arlington Heights, IL), 50 ng of betaaminopropionitrile (BAPN), and 50 ^g of 1-ascorbic acid were added per milliliter of media. At the termination of an experiment, the medium was removed, the membranes were washed with Hank's balanced salt solution, and the washes were pooled with the medium. If the medium contained no serum, 0.25 mg/ml of BSA was added as a carrier. The medium was adjusted to 5% TCA and allowed to flocculate overnight at 4°C. The chilled samples were then spun in the cold at 4000 rpm for 20 minutes. The TCA precipitates were washed with 5% TCA until a 1 -ml aliquot of the supernatant contained no more than twice the background counts. The washed precipitates were hydrolyzed in 5 ml of 6 N HCI for 40 hours at 110°C in a glycerol bath. The hydrolyzate was mixed with activated charcoal and filtered through Whatman II paper. The filtrate was neutralized with NaOH. An aliquot was counted to determine the incorporation of 14 C-proline into protein. The remainder of the sample was utilized to measure the incorporation of 14 C-proline into hydroxyproline by the method of Juva and Prockop. 26 For the cell layer, the membranes were minced and extracted with 0.25 N NaOH and 5 mM EDTA overnight at room temperature, and the membranes were washed with the same solution. The extracts and washes were pooled, neutralized with HCI, adjusted to 5% TCA, and chilled in ice. The precipitate was washed twice with 5% TCA, and the DNA was extracted with perchloric acid. The precipitate remaining after extraction contained at least 95% of the membraneassociated u C-proline counts. 20 The pellet was hydrolyzed in 6 N HCI for 40 hours, was neutralized with NaOH, and then was treated in the same manner as the medium.
Although intracellular pools of proline were not measured directly, several associated observations suggest that the increased incorporation of 1 *C-proline reflects a change in the rate of connective tissue matrix biosynthesis rather than a change in intracellular pool size. The rate of DNA synthesis, as measured by 3 H-thymidlne incorporation, was unchanged with cyclic stretching. In previous experiments using 3 H-acetate as a precursor, 20 we found that there was a reproducible increase in hyaluronate and in chondroitin 6-sulfate synthesis with no change in the rate of synthesis of dermatan sulfate and chondroitin 4-sulfate. This finding implies a specific and regulated biosynthetic response to cyclic stretching involving matrix macromolecules. Furthermore, quantitative morphologic studies using the same system revealed a marked increase of rough endoplasmic reticulurn in stretched cells, indicating an increased rate of protein biosynthesis. 22 Finally, changes in intracellular proline pool size cannot account for the increase in collagen degradation in the cyclically stretched cultures in the presence of theophyiline. 10 Since we dialyzed both the NLS and the HLS against a low molecular weight cut-off membrane before use, free proline would have been dialyzed out of the serum, and there should, therefore, be no differences in the free proline concentrations in NLS or HLS.
Treatment of Data and Interpretation
Direct comparison of all the variables for the same cell subcultures was limited by the experimental system. Only four dishes of cells could be subjected to cyclic stretching during a single run, and we could evaluate only two samples, in duplicate, for each experiment. Nevertheless, for each run, cells from the same subculture could be exposed to at least two of the three culture medium conditions (SFM, NLS, or HLS) for both stationary and stretching states. These combinations were varied to provide a sufficient number of comparisons for each mechanical and culture medium condition. There were large differences in the degree of incorporation of label into protein and collagen from one experiment to another. For example, the mean rate of incorporation of label Into protein by cells grown on stationary elastin membranes and exposed to SFM ranged from 985 dpm//ig DNA to 19 000 dpm/^g DNA. These differences prevented direct comparison of the mean rates of incorporation of label into protein and collagen from experiment to experiment. We have, therefore, expressed our data in a manner designed to answer two specific questions: 1) What are the effects of cyclic stretching on cells incubated in SFM, NLS, or HLS?, and 2) What are the relative rates of protein and collagen synthesis in cultures exposed to SFM, NLS, or HLS?
For each experiment designed to answer the first question, the average rate of protein and collagen synthesis was obtained from two stretched and two stationary control cultures exposed to SFM, NLS, or HLS. The data were then expressed as the ratio of stretched to control synthetic rate, and the ratios calculated from all experiments were averaged. Student's t test was utilized to determine whether the stretched to control ratio was significantly greater than 1.0, which would indicate a stimulatory effect of stretching.
To answer the second question, the average rate of protein and collagen synthesis for each set of conditions was obtained from two stretched and two stationary control cultures exposed to each of the culture media. The data from all experiments were averaged to provide some index of the actual rates of synthesis by cells exposed to SFM, NLS, or HLS. The standard errors of the means were large due to the differences in cell response from experiment to experiment. Since two of the three serum conditions were studied in each experiment, it was possible to compare synthetic rates directly within each experiment. Thus, relative synthetic rates comparing NLS to SFM, HLS to SFM, and NLS to HLS were obtained for the experiments in which they were compared directly. The appropriate relative synthetic rates from all of the experiments were then averaged and compared by nonparametric statistics. For these data, statistical comparisons included Student's /test, the nonparametric sign test, and C-prollne incorporation into prollne (for protein) and Into hydroxyproline (for collagen); n=22 for SFM, n=33 for NLS, and n=33 for HLS. Cells grown In NLS or HLS synthesized protein and collagen at rates 1.7 times (p<0.001) and 1.6 times (p<0.001) greater than cells grown in SFM. There was no significant difference In rates of synthesis for cells grown In NLS or HLS. a matched-pairs f test to assess the effect of stretching on protein and collagen synthesis.
Results
Cells Grown on Plastic Petri Dishes
Rates of protein and collagen synthesis by cells grown on plastic Petri dishes and incubated in SFM or medium supplemented with either 5% NLS or 5% HLS are shown in Figure 1 .
Protein
Cells grown in NLS or HLS synthesized protein at a rate 1.7 times greater than cells grown in SFM (p<0.001); there was no significant difference in the rate of protein synthesis by cells exposed to NLS compared to those exposed to HLS.
Collagen
Cells incubated in NLS or HLS synthesized collagen at a rate that was 1.6 times higher than cells incubated in SFM (p<0.001); there was no significant difference in the rate of synthesis between cells exposed to HLS and cells grown in NLS.
Cells Grown on Stationary Elastln Membranes
Absolute values for incorporation of label into protein and collagen for all of the experiments are shown in Table 1 .
Protein
Despite differences from experiment to experiment in the mean rate of incorporation of label into protein, the stimulatory effect of NLS or HLS compared to SFM for cells from the same subcultures in individual experiments was consistent from experiment to experiment. Incubation of smooth muscle cells on stationary elastJn membranes in the presence of NLS increased the rate of protein synthesis 5.3 times compared to synthesis in SFM (Table 2) , while exposure to HLS increased protein synthesis to a rate only 2.2 times that of cells in SFM. NLS was 1.35 times more effective than HLS in promoting protein synthesis in the presence of elastin.
Collagen
For cells grown on stationary elastin membranes in NLS, collagen production was 4.5 times greater than for cells incubated in SFM. Although these findings represented consistent trends, the differences were not significant. The 5.6-fold increase in collagen synthesis by cells incubated in HLS compared to cells grown in SFM was, however, highly significant (p<0.02), as was the 1.43-fold increase in collagen synthesis in NLS compared to HLS (p<0.03). These data suggest a selective effect of NLS and HLS on collagen production.
Effect of Cyclic Stretching
Data are shown in Figure 2 as the ratio of the synthetic rates of stretched to stationary cells for each culture medium.
Protein
When stretched and stationary smooth muscle cells of the same subcultures were incubated under identical experimental conditions, cyclic stretching in SFM increased the rate of protein synthesis 2.24 times (p<0.02), confirming similar results reported previously from our laboratory.
9 For cells grown in NLS, the higher rate of protein synthesis by cells held stationary was not changed by cyclic stretching. When the medium contained HLS, cyclic stretching of cells increased protein synthesis (1.6 times) compared to stationary controls (p<0.003). Cells subjected to cyclic stretching synthesized protein at a similar rate when exposed to either NLS or HLS (Table 1) .
Collagen
Although cyclic stretching in SFM increased the rate of collagen synthesis 2.17 times (p<0.04), cells grown in NLS did not respond further to cyclic stretching (Figure 2 ). In the presence of HLS, however, stretching increased the rate of collagen synthesis 2.24 times (p<0.003), so that stimulation by stretching was actually greater than that produced by the cells grown in NLS (p<0.002).
Discussion
Exposure of arterial smooth muscle cells to NLS or HLS in plastic Petri dishes increased the rate of protein and collagen synthesis compared to cells grown in SFM. HLS and NLS stimulated protein and collagen synthesis to the same extent. These results are consistent with those of investigators who have studied the effect of NLS and HLS on macromolecule synthesis by isolated aortic segments of rabbits, 11 by isolated rat aortic segments or subcultured rat aortic cells, 12 or by subcultured rabbit aortic smooth muscle cells. 20 Although collagen production in vitro by aortic segments or by artery cells appears to be similar for NLS and HLS, collagen formation by arteries in situ is All of the trends were consistent from experiment to experiment. Those comparisons marked with symbols were significantly different: *p<0.002; tP<0.01; $P<0.03; §p<0.003.
SFM=serum-free medium, NLS=normolipemic serum, HLS=hyperiipemic serum. The data are expressed as ratios of Incorporation of The effects of cyclic stretching on the rate of protein and collagen synthesis. The results are the ratio of protein or collagen synthesis by cyclically stretched cells to synthesis by stationary cells; n=10 for serum-free medium (SFM), n=7 for normolipemic serum (NLS), and n=12 for hyperlipemic serum (HLS). In SFM, cyclic stretching stimulated protein synthesis 2.24 times (p<0.002) and collagen synthesis 2.17 times (p<0.04). Cyclic stretching did not further increase synthesis of either protein or collagen In NLS, but stretching In the presence of HLS stimulated both protein and collagen synthesis to the same degree as did stretching in SFM.
increased when dogs, 14 minipigs, 15 rabbits, 131617 -18 or pigeons 19 are fed an atherogenic diet. Taken together, these considerations would seem to suggest that the increase in collagen production during experimental atherogenesis may be related mainly to the development of atherosclerotic lesions rather than to a direct effect of hypertipidemia on medial smooth muscle.
When cells were grown on stationary elastin membranes, exposure to NLS increased synthesis more markedly than did exposure to HLS. The increased response to NLS or HLS by cells grown on elastin membranes compared to cells grown in plastic Petri dishes may be attributable to a special effect of exposure to elastin. We have shown elsewhere 27 that an elastin growth substrate increases cholesteryl ester synthesis and induces foam cell formation by smooth muscle cells in culture. Since elastin binds liplds in arteries, 28 it Is likely that a similar lipid-elastin binding occurs In vitro and that uptake of hyperlipemic LDL by smooth muscle cells is enhanced when the LDL is bound to elastin. Exposure to HLS under these conditions could also result in inhibition or deceleration of matrix fiber synthesis, for hyperilpidemic LDL has been shown to be toxic to cultured arterial smooth muscle cells 29 and may, therefore, promote cholesteryl ester accumulation in these cells 30 and suppress matrix macromolecule production. In our experiments, however, cyclic stretching of cells in HLS restored the rates of protein and collagen synthesis to the higher level seen when cells are exposed to NLS. This finding suggests that the relative inhibitory effect of HLS on matrix synthesis by the stationary cells was probably not due to a toxic effect of the serum.
Under conditions of hypertension, arterial smooth muscle cells appear to respond to the increases in wall tension by increasing elastin and collagen synthesis. 31 " 38 The accumulation of these matrix fibers in the artery wall has been shown to bear a linear relationship to tangential tension, suggesting that tensile stress is a stimulus for the elaboration of these macromolecules. 37 Aortic smooth muscle cells in tissue culture respond to increased tension by both proliferation and increased matrix synthesis. Hume 38 subjected ring segments of rabbit central ear artery to a tangential load by introducing a small intralumlnal spring, and he noted an increase in both DNA and collagen synthesis compared to control segments. Leung et al. 9 and Kollros et al. 10 had already demonstrated that rabbit aortic smooth muscle cells incubated in SFM and subjected to cyclic stretching synthesized TCA-precipltable protein and collagen at a higher rate than did stationary controls. The study reported here, however, suggests, in addition, that the stimulatory effects of NLS are as great, if not greater, than the stimulatory effects of cyclic stretching.
The apparent relative depressive effect of HLS on protein and collagen synthesis by the stationary cells and the stimulatory effect of cyclic stretching in the presence of HLS may have implications with respect to the healing response of arteries after disruptive injury and with respect to the consequences of atherosclerotic plaque formation. Experimental transmural necrotizing ligation of the rabbit aorta, for example, normally heals within a month, leaving only a small fibrocellular intimal pad in the previously Injured region. 39 When, however, the rabbits are fed an atherogenic diet for 3 months prior to injury, healing of the arterial wall is impaired. 40 Disorganization and distortion of the media persist, atrophy occurs, and aneurysms form. In these animals, atherosclerotic plaque formation occurs predominantly in areas where the underlying media is intact or has healed. In other studies, cynomolgus monkeys subjected to midihoracic aortic coarctation with a significant pressure gradient and fed an atherogenic diet had fewer lesions distal to the stenosis than did nonoperated controls. 41 DNA and collagen content were also reduced distal to the constriction, indicating that atrophy had occurred. It is noteworthy that, while pressure may not be reduced in this region, wall motion has been shown to be markedly reduced. 42 As a result, the magnitude of cyclic changes in tensile stress are also reduced, establishing conditions suggestive of those that prevailed on the stationary elastin membranes In the presence of hyperiipemia. Proximal to the stenosis, pressure is elevated, but wall motion is also markedly increased compared to controls. Collagen content is increased, and intimal fibrocellular thickening is prominent. The increased amplitude of the cyclic variation in tension in this region could be analogous to the in vitro situation during which cyclic stretching in the presence of HLS restored collagen synthesis to normal levels. These considerations would seem to suggest that elevated levels of cyclic tensile stress may enable arterial smooth muscle cells to maintain vessel wall integrity by increasing synthesis of matrix macromolecules even in the presence of hyperiipemia, while hyperiipemia associated with reduced wall motion would tend to potentiate mural atrophy.
The interaction of cyclic tensile stress and hyperiipemia could also determine the matrix composition of atherosclerotic lesions and of the artery wall during atherogenesis. Arteries have been shown to enlarge as plaques form, maintaining a lumen of adequate caliber until lesions are quite large. 43 Although hyperiipemia would tend to accelerate atherogenesis, the present studies suggest that hyperiipemia could also favor increased compliance, circumferential wall extension, and artery enlargement by inhibiting mural collagen synthesis. Superimposition of hypertension may be expected to have the opposite effect, restoring or increasing collagen synthesis to normal or elevated levels by augmenting the amplitude of cyclic wall stretch. Induction of increased collagen synthesis could also result in the development of highly sclerotic plaques and fibrous artery walls, favoring more rapid progression to stenosis. Thus, hyperiipemia in the presence of increased cyclic stretching may be a significant factor in the acceleration of occlusive atherosclerotic disease when animals on atherogenic diets are subjected to hypertension. 44 -50 Detailed investigations of these implications in animal models are warranted.
The cyclic stretching apparatus in use in our laboratory may, however, be utilized to further characterize these interactions in a highly controlled environment. By varying frequency, amplitude, and waveform of the stretching cycle, the roles of other aspects of the tensile forces to which arteries are normally subjected can be evaluated. In addition, the composition of the extracellular environment may be modified to explore the effects of hormones and vasoactive agents on the modifications of cellular metabolism induced by mechanical stress.
